Breathe in and Straighten Your Back: Hypoxia, Notch, and Scoliosis  by Bajard, Lola & Oates, Andrew C.
Leading Edge
PreviewsBreathe in and Straighten Your Back:
Hypoxia, Notch, and Scoliosis
Lola Bajard1 and Andrew C. Oates1,*
1Max Planck Institute of Molecular Cell Biology and Genetics, Pfotenhauerstr 108, 01307 Dresden, Germany
*Correspondence: oates@mpi-cbg.de
DOI 10.1016/j.cell.2012.03.024
In this issue of Cell, Sparrow et al. propose a newmechanism for sporadically occurring congenital
scoliosis in which Notch signaling and hypoxia converge in the embryo on somite patterning via the
segmentation clock. This interaction between hypoxia and a predisposed genetic background
might underlie other birth defects with incomplete penetrance.Congenital abnormalities are defects of
embryological or fetal development ob-
served at birth. The underlying causes
can be genetic, but most congenital traits
do not follow a simple genetic etiology
and are termed sporadic. The sporadic
nature of birth defects is likely due to
interaction of genetic anomalies with envi-
ronmental factors called teratogens to
which the mother may be exposed.
Known teratogens include infection (e.g.,
rubella), diet (e.g., folic acid deficiency),
and drugs (e.g., antiepileptic drugs,
thalidomide, alcohol, and cigarettes).
Nevertheless, the cause of many congen-
ital abnormalities is completely unknown.
In this issue of Cell, Sparrow et al. (2012)
now report on a subtle interaction
between genes and environment that
could shed light on a range of congenital
malformations (Figure 1).
The authors focused on sporadic
congenital scoliosis (CS), which is recog-
nized by a curvature of the spine due to
malformation of one or a few vertebral
bodies and usually has no simple genetic
etiology. They analyzed two human fami-
lies and identified affected individuals
heterozygous for mutations at two loci
(one for each family), encoding the tran-
scription factors HES7 and MESP2. Yet,
not all heterozygotes in these families
showed a phenotype. This incomplete
penetrance was puzzling because, as
recessive mutations, these genes are
known to cause fully penetrant spondylo-
costal dysostosis, where at least ten con-
tiguous vertebrae are defective (Sparrow
et al., 2011). Taking a clue from classical
studies showing that hypoxia can induce
vertebral defects in mouse and chickembryos (reviewed in Alexander and
Tuan, 2010), Sparrow and coworkers
next convincingly showed that exposure
of pregnant mice to mild hypoxia signifi-
cantly increases the severity and pene-
trance of scoliosis in heterozygote Hes7
or Mesp2 mutant mouse embryos. This
represents the first animal model for
sporadic CS.
Previous explanations of a role for
hypoxia in scoliosis focused on the induc-
tion of excessive cell death in response to
metabolic stress as a likely pathogenic
mechanism (Alexander and Tuan, 2010).
Although the current study did not rule
out a contribution from cell death, their
proposal is that hypoxia disrupts an
embryonic patterning process, termed
the segmentation clock (Figure 1C), which
underlies the generation of the seg-
mented body plan. The novelty of the
research performed by Sparrow and
colleagues is thus 2-fold: it is a unique
example of hypoxia interacting with
genetic background to cause a congenital
abnormality, and it shows that hypoxia
acts on a specific developmental pattern-
ing mechanism to cause scoliosis.
Vertebrae derive from segmented
structures in the embryo called somites.
Somites form rhythmically and sequen-
tially from the posterior-most unseg-
mented tissue of the embryo, the preso-
mitic mesoderm (PSM). The timing and
spacing of the somites along the axis is
regulated by a segmentation clock, which
drives oscillatory expression of the so-
called cyclic genes (Pourquie´, 2011). In
concert with embryonic elongation, these
oscillations are arrested in the anterior
PSM leading to the periodic formation ofCellsegments. Many cyclic genes belong to
three prominent intercellular signaling
systems and their downstream targets,
namely the Notch, fibroblast growth
factor (FGF), and Wnt pathways.
In the mouse, Hes7 is cyclically ex-
pressed (green in Figure 1C) and appears
to be a core component of the segmenta-
tion clock. In contrast, Mesp2 is dynami-
cally expressed as a single stripe in the
anterior PSM (brown in Figure 1C) and is
required to determine the future somite
boundary as an output of the clock. The
expression of Hes7 and Mesp2 is regu-
lated by Notch and FGF signaling.
Sparrow et al. show that mice heterozy-
gote for mutation of Hes7 or Mesp2
display CS phenotypes at a low pene-
trance (Figure 1, red section), supporting
the idea that these mutations are involved
in the CS in human families. The authors
chose a quantitative classification of the
severity of the phenotypes to conve-
niently draw conclusions on the strength
of gene-environment interaction. How-
ever, a more precise and qualitative clas-
sification might be useful in identifying the
causes of different forms of human scoli-
osis, whose classification was recently
revisited (Offiah et al., 2010).
Using mild hypoxic conditions that
do not cause vertebral defects in wild-
type embryos, Sparrow and coauthors
significantly increased the severity and
penetrance of the CS phenotype of
heterozygous Hes7 and Mesp2 mouse
mutants (Figure 1, blue section), as well
as heterozygous mutants for genes of
the Notch pathway involved in the seg-
mentation clock (Dll1 and Notch1). Such
gene-environment interactions are still149, April 13, 2012 ª2012 Elsevier Inc. 255
Figure 1. Hypothesis for a Gene-Environment Interaction Causing Congenital Scoliosis
Environmental hypoxia (A), acting on a predisposing genotype (B), affects the segmentation clock that
patterns somites (C), the precursors for vertebrae. This gene-environment interaction increases the
severity and penetrance of the congenital scoliosis phenotype (D) that occurs sporadically in heterozygous
mutants for genes of the Notch pathway.rare, (e.g., Cadwell et al., 2010), and it is
the first time that hypoxia has been identi-
fied in such an interaction. The authors
go on to show that short-term exposure
to a more severe hypoxia while the 20th–
30th somites are forming is sufficient
to cause defects in the caudal thoracic
and rostral lumbar vertebral bodies. This
correspondence between the time of
hypoxia and the position of the defects
suggests that the effects of hypoxia on
vertebrae are the consequence of misre-
gulated somite patterning.
Howdoes hypoxia sensitize the embryo
to the putative reduction in Notch signal-
ing in the heterozygotes? The authors
observed a strong effect on the levels of
FGF activity, as assayed by the phosphor-
ylation status of the kinase ERK. They also
found a decreased level of the Wnt ligand
and an altered distribution of Notch
activity in the PSM. They propose that
hypoxia perturbs the segmentation clock
primarily by reducing FGF signaling,
leading to downstream defects in Notch
and Wnt expression and signaling.
Although hypoxic responses have been
studied in several models (Semenza,
2012), the molecular mechanisms leading
from sensing hypoxia to alterations in FGF
signaling in the PSM were not investi-
gated in this paper, and so this hypothesis
is still speculative. For example, previous256 Cell 149, April 13, 2012 ª2012 Elsevier Instudies have shown an interaction
between hypoxia inducible factor HIF1a
and the Notch pathway in cell culture
(Gustafsson et al., 2005), so hypoxia
may also act directly on Notch signaling
in the PSM. Nevertheless, this plausible
hypothesis certainly opens up a range of
new questions.
FGF signaling is involved in the forma-
tion of many tissues and organs in the
embryo, and if hypoxia also perturbs
FGF signaling in these contexts, this inter-
action might underlie other congenital
abnormalities. In this case, the identity
of the affected tissue or organ would
depend on a sensitized condition due to
mutation in a gene with tissue-specific
functions.
The evidence that hypoxia is a
teratogen dates back nearly 200 years
(Geoffroy Saint Hilaire, 1820) but has
taken a back seat to pressing concerns
about modern teratogenic factors. Yet
there are multiple possible causes cur-
rently recognized for intrauterine hypoxia,
including altitude andmaternal use of pre-
scription and recreational drugs (Webster
and Abela, 2007), and this study brings
hypoxia into the list of important
modern teratogens. Could hypoxia ex-
plain the incomplete penetrance of the
phenotype? Because even mild hypoxia
seems sufficient to interact with heterozy-c.gous mutants, one could imagine that
naturally occurring variations of intra-
uterine oxygen levels underlie variations
in severity of scoliosis between indi-
vidualswith the samegenotype. However,
caution must be taken in extrapolating
observations in mouse to human because
it is difficult to know what would be the
equivalent of the reported hypoxic treat-
ments for humans. Unfortunately, it is not
possible to know whether hypoxia was
present in the families studied, and so we
hope that this paper will motivate new
surveys specifically directed toward the
occurrence of congenital diseases and
the causes of intra-uterine hypoxia during
early pregnancy.ACKNOWLEDGMENTS
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